The mature capsids of human immunodeficiency virus type 1 (HIV-1) and other retroviruses are fullerene shells, composed of the viral CA protein, that enclose the viral genome and facilitate its delivery into new host cells 1 . Retroviral CA proteins contain independently folded amino (N)-and carboxy (C)-terminal domains (NTD and CTD) that are connected by a flexible linker [2] [3] [4] . The NTD forms either hexameric or pentameric rings, whereas the CTD forms symmetric homodimers that connect the rings into a hexagonal lattice 3, [5] [6] [7] [8] [9] [10] [11] [12] [13] . We previously used a disulphide crosslinking strategy to enable isolation and crystallization of soluble HIV-1 CA hexamers 11, 14 . Here we use the same approach to solve the X-ray structure of the HIV-1 CA pentamer at 2.5 Å resolution. Two mutant CA proteins with engineered disulphides at different positions (P17C/T19C and N21C/A22C) converged onto the same quaternary structure, indicating that the disulphide-crosslinked proteins recapitulate the structure of the native pentamer. Assembly of the quasi-equivalent hexamers and pentamers requires remarkably subtle rearrangements in subunit interactions, and appears to be controlled by an electrostatic switch that favours hexamers over pentamers. This study completes the gallery of substructures describing the components of the HIV-1 capsid and enables atomic-level modelling of the complete capsid. Rigidbody rotations around two assembly interfaces appear sufficient to generate the full range of continuously varying lattice curvature in the fullerene cone.
By analogy to quasi-equivalent icosahedral virus capsids, the subunits of the conical fullerene capsid of HIV-1 are organized on a hexagonal lattice that requires insertion of exactly 12 pentamers to close the shell 6, [15] [16] [17] . However, the pentamers in an icosahedral capsid are in a symmetric configuration at the vertices, whereas pentamers in the fullerene cone are distributed asymmetrically, with five at the narrow end and seven at the wide end 15 . The Rous sarcoma retrovirus (RSV) CA protein can form icosahedrally symmetric particles in vitro, and electron cryomicroscopy maps at 10 Å resolution indicate that the hexamer and pentamer are indeed quasi-equivalent; that is, RSV CA forms both oligomers using the same interacting surfaces 9, 13 .
We previously used a disulphide crosslinking strategy to facilitate purification and structure determination of HIV-1 CA hexamers 11, 14 .
To explore the molecular basis of retroviral CA quasi-equivalence, we have now determined X-ray structures of two disulphide-crosslinked HIV-1 CA pentamers at 2.5 Å and 6 Å resolution (Supplementary Figs 1  and 2, and Supplementary Table 1 ). The independent pentamer structures were closely superimposable ( Supplementary Fig. 3 ). Therefore the crosslinked proteins likely recapitulate the native pentameric architecture of HIV-1 CA. The structures were also similar to the lowerresolution structures of the RSV CA pentamer 9, 13 .
Comparison of the new pentamer structures with the HIV-1 CA hexamer structures 8, 11, 14 confirms that the two oligomers are highly related ( Fig. 1 ). In both cases, the CTDs form a 'belt' (blue in Fig. 1a, d ) surrounding the inner ring of NTDs (orange). The NTD and CTD of each CA molecule cradle the NTD from the neighbouring subunit (illustrated for the pentamer in Fig. 1b , c; for the hexamer in Fig. 1e , f; and for both oligomers in superposition in Fig. 2a ). Intermolecular NTD-NTD interactions facilitate formation of the NTD rings, whereas NTD-CTD interactions hold the CTD subunits in the 'belts' against the inner NTD rings. There are no intramolecular interactions between the NTD and CTD of each subunit, apart from the covalent peptide linkage between these domains (red arrowhead in Fig. 2a ). The ability of the inherently flexible linker to adopt different conformations facilitates appropriate juxtaposition of the same interaction surfaces in both the pentamer and hexamer.
Previous analysis indicated that the hexameric NTD ring closely obeys sixfold rotational symmetry and is relatively rigid, whereas the CTD subunits in the 'belts' are mobile and can rotate relative to the 11 . The yellow spheres in a and d indicate the positions of the pentamer-stabilizing (N21C/A22C) and hexamer-stabilizing (A14C/E45C) disulphide bonds, respectively. NTD ring 11 . Each CTD pivots as a rigid body about four intermolecular helix-capping hydrogen bonds at the NTD-CTD interface. With these motions, each hexameric ring can adopt slightly different dihedral angles relative to its adjacent rings in the capsid lattice 9, 11, 12 . The NTD-CTD interfaces within the pentamer and hexamer are remarkably similar ( Fig. 2b ). Indeed, comparison of the crystallographically distinct pentamers reveals the same type of flexibility as the hexamer (that is, the fivefold symmetric NTD ring is apparently rigid, and the CTDs are more mobile) ( Fig. 2c and Supplementary  Fig. 3 ). These results indicate that the pentamer and hexamer use the same mechanism to accommodate local variations in capsid lattice curvature.
NTD ring interactions are mediated by the first three a-helices of each subunit, which form a 15-helix barrel in the pentamer ( Fig. 3a) and an 18-helix barrel in the hexamer (Fig. 3b ). There are subtle differences in the repeating set of NTD-NTD contacts, which comprise a three-helix bundle, with helix 2 of one subunit (orange in Fig. 3c ) packed lengthwise against helices 1 and 3 of the adjacent subunit (blue). Aliphatic sidechains at the centre of the bundle form a small hydrophobic core, whereas polar residues at the periphery participate in hydrophilic interactions. As noted previously, direct hydrophilic protein-protein contacts are conspicuously absent in the hexameric NTD ring, and essentially all the intersubunit hydrogen bonds are bridged by ordered water molecules 11 . In the pentamer structure, ordered waters were not modelled (see Methods), but examination of residual difference density indicates that the assembly interfaces are likewise solvated (not shown).
The fivefold and sixfold symmetric NTD rings are distinguished through the angle subtended by adjacent subunits (72u in the pentamer and 60u in the hexamer, with the angle vertex at the centre of each ring) ( Fig. 3a, b ). To a first approximation, this difference is accommodated by a simple rotation of the subunits relative to each other ( Fig. 3d ). Remarkably, the rotation axis appears to coincide with the centre of the three-helix bundle (red dot in Fig. 3d ), which allows essentially equivalent packing of the aliphatic residues. Thus the hydrophobic NTD-NTD interactions are conserved in the two rings. In contrast, the polar atoms at the outer edges of the three-helix bundle display substantially different interatomic distances, but compensatory movements of water molecules appear to maintain ring-stabilizing hydrogen bonds (not shown). Our structures therefore indicate that switching between the CA hexamer and pentamer occurs through subtle changes in intersubunit bonding interactions, and follow the principles of quasiequivalence as originally envisioned by Caspar and Klug 18 .
Pentamer formation brings charged residues at the centre of the ring in close proximity, inducing both attractive and repulsive ionic interactions. This implies that electrostatic forces control switching between the pentamer and hexamer, as was suggested for RSV CA 9 . For the HIV-1 CA oligomers, the points of closest approach occur at an annulus at the top of helix 1, which is occupied by an arginine residue (Arg 18). The arginines appear well accommodated within the annulus of the hexamer, but are more closely apposed in the pentamer ( Supplementary Fig. 4 ). Closer juxtaposition of like charges is expected to create stronger electrostatic repulsion, which is consistent with the biochemical observation that assembly of HIV-1 CA pentamers is a, b, Top views of the pentameric (a) and hexameric (b) NTD rings, with each subunit in a different colour. Subunits in the pentamer and hexamer are shown in darker and lighter shades, respectively. The angles subtended by adjacent domains are shown explicitly for the blue and orange subunits. One of the repeating three-helix units is outlined in black. c, Close-up view of the pentameric and hexameric repeat units, superimposed on helices 1 and 3 of the blue subunit. The aliphatic residues that form a small hydrophobic core are shown explicitly and labelled. d, The 'rotation' between adjacent subunits, in going from the hexamer to the pentamer. The approximate position of the rotation axis is indicated by the red dot. Note that this axis is parallel to neither the pentameric nor hexameric symmetry axes.
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disfavoured relative to hexamers. Elimination of the charge is expected to favour pentamer formation; indeed, mutation of Arg 18 into alanine promotes assembly of highly curved particles (cones, spheres, spirals, short capped cylinders) 19 . In contrast, wild-type CA typically assembles into long tubes composed of hexamers [20] [21] [22] . Mutation of Arg 18 to valine, isoleucine or leucine induces assembly of spheres (that is, more efficient pentamer formation) 8 ; we presume that this is because the larger aliphatic sidechains contribute stabilizing hydrophobic contacts. The importance of Arg 18 for the energetic landscape of HIV-1 CA assembly is consistent with its very high degree of conservation (99.8% of 2,460 sequences in the Los Alamos database, http://www.hiv.lanl. gov/content/index). We propose that electrostatic destabilization of the pentamer is precisely counterbalanced by cooperative lattice stabilization, such that pentamers form and integrate into the assembling capsid only when required to relieve strain induced by local lattice curvature. We further speculate that the narrow end of the cone may be particularly susceptible to destabilization because this region has a high concentration of pentamers, and this may be relevant to capsid disassembly or uncoating.
At this time, it is not possible to determine experimentally the atomic structure of the native HIV-1 capsid. Nevertheless, having on hand a complete gallery of high-resolution structures of the building blocks allowed us to model a fullerene cone capsid (Fig. 4a) . In our modelling, the NTD hexamers, NTD pentamers and CTD dimers were treated as rigid bodies, and intersubunit distances across the NTD-CTD interfaces were used as indicators of model quality (see Methods) ( Fig. 4b) .
Within the body of the cone, the CA subunits were arranged on a hexagonal lattice with a unit cell spacing of approximately 93 Å . Consistent with a previous proposal 11 , we found that the full range of variable lattice curvature in this region could be modelled by introducing small rigid-body rotations across the NTD-CTD interfaces, while keeping the NTD-NTD hexamerization and CTD-CTD dimerization interfaces constant. In modelling the pentameric declinations, wherein the lattice curvature is most pronounced, we found that the CTD dimers must span different distances when connecting hexamers to hexamers (approximately 33 Å ) and hexamers to pentamers (approximately 26 Å ) ( Supplementary Fig. 5a ). These distances are in close correspondence to the dimensions of two independently determined CTD dimer structures, 2KOD (ref. 12 ) and 1A43 (ref. 5) , and suggests a rationale for the seemingly disparate structures of the dimers. Although the structures were solved from slightly different protein constructs, both retained the dimerization affinity of full-length CA 3,12 . However, each exhibited a distinct subunit packing geometry across the dimer dyad (Supplementary Fig. 5b ). Therefore the 2KOD dimer was used to connect hexamers to hexamers, and the 1A43 dimer was used to connect hexamers to pentamers. Models wherein the NTD rings were connected by either dimer alone displayed significant backbone clashes (2KOD) or relatively large separations (1A43) between subunits surrounding the declinations (not shown). This suggests that rotation or slippage at the CTD-CTD interface may be a mechanistic element of capsid assembly, which is consistent with studies showing that the CTD has a flexible architecture 4, [23] [24] [25] [26] [27] .
It is remarkable that our simple modelling approach, which allowed just two types of rigid-body rotation between the building blocks, produced a fullerene model wherein essentially all the subunits displayed reasonable packing geometries. On the basis of this analysis, we conclude that CA assembly entails flexibility at both the NTD-CTD interface and the dimer interface to generate the constantly varying lattice curvature in the HIV-1 capsid.
METHODS SUMMARY
Soluble, disulphide-crosslinked pentamers of HIV-1 NL4-3 CA (containing either N21C/A22C/W184A/M185A or P17C/R18L/T19C/W184A/M185A mutations) were prepared by sequential dialysis of purified protein. Crystals were obtained by the sitting-drop vapour diffusion method in Tris-buffered precipitant solutions containing polyethylene glycol and sodium iodide. Synchrotron diffraction data were processed with the program HKL2000. Molecular replacement phasing, model building and crystallographic refinement were performed with the programs Note that the capsid displays a variably curved surface. In the body of the cone, curvature changes continually, which was modelled by subunit flexion at the NTD-CTD interface. Pentamers alter the trajectory of the hexagonal lattice and create regions of sharp curvature (that is, declinations). Exactly 12 declinations are required to close a hexagonal lattice. Our modelling suggests that formation of the declinations entails a flexible CTD dimer. Note also that the CTD subunits surrounding the local threefold axes are in close proximity, consistent with the finding that this site constitutes a fourth set of capsid-stabilizing interactions 12 . b, The extent by which the intersubunit distances across the modelled NTD-CTD interfaces deviate from the expected value, as a function of cone length (deviation 5 distance modelled 2 distance expected , where distance expected 5 9.0 Å , which refers to the average separation of hydrogenbonded pairs in the X-ray structures of the hexameric and pentameric NTD-CTD interfaces) (see Methods for details). Note that 99% of the NTD-CTD distances in the model are within 1 Å of the expected value. This suggests that the model is of good quality, in light of the sizeable number of constraints imposed on the subunit interactions.
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MOLREP, Coot and PHENIX. The capsid model was built by manual rigid-body docking of the high-resolution structures of the fivefold symmetric NTD ring (Protein Data Bank accession number 3P05), the sixfold symmetric NTD ring (3H47) and twofold symmetric CTD dimers (2KOD and 1A43) into a geometric fullerene cone model.
METHODS
Initial characterization of HIV-1 CA pentamer constructs. Protein expression and purification protocols have been described in detail 11, 14 . The disulphidestabilized CA pentamers were serendipitously generated in a previous screen for disulphide-stabilized hexamers 11, 14 . In the hexamer study, we engineered several pairs of cysteine residues in the NTD and assayed for pairs that efficiently oxidized into intermolecular disulphide bonds linking each subunit to its two neighbours in the hexameric ring. Hexamer formation and disulphide crosslinking were induced by functional assembly of the CA mutants into helical tubes, which are composed only of hexamers 6, 12 . We identified two pairs of cysteine mutations (P17C/T19C and N21C/A22C) that instead induced assembly of CA spheres approximately 35 nm in diameter (data not shown, but see Fig. 2 in ref. 14) . This result implied that the assembling hexagonal lattice now incorporated pentamers 8, 9, 19 . Consideration of the protein mass and volume suggested that these spheres have the expected size for a T 5 3 icosahedral particle comprising 20 hexamers and 12 pentamers, although most of the particles lacked strict icosahedral order. Non-reducing SDSpolyacrylamide gel electrophoresis of the spheres was used to confirm that the P17C/T19C and N21C/A22C mutations indeed selectively stabilized the CA pentamer (see Fig. 2 in ref. 14) . As in the hexamer case 11, 14 , we also introduced the W184A and M185A mutations to disrupt the CTD dimerization interface 3, 19, 28 to prevent the crosslinked pentamers from polymerizing further (without affecting formation of the pentameric ring). Crystallization and data collection. The mutants that crystallized contained the following mutations: N21C/A22C/W184A/M185A and P17C/R18L/T19C/ W184A/M185A. The R18L mutation was added to the second construct because it promoted more efficient pentamerization (data not shown). Soluble pentamers were obtained by sequential dialysis of 10 mg ml 21 protein into assembly buffer (50 mM Tris pH 8, 1 M NaCl) containing 100 mM b-mercaptoethanol (bME), assembly buffer with 0.2 mM bME and, finally, 20 mM Tris pH 8, 40 mM NaCl without bME. All dialysis steps were performed at 4 uC.
Soluble pentamers were crystallized in sitting drops, by mixing protein and precipitant at a ratio of 2:1. N21C/A22C-stabilized pentamers crystallized in 0.2 M sodium iodide, 0.1 M Tris pH 8-9, 27-30% (w/v) PEG 4,000. P17C/ T19C-stabilized pentamers crystallized in 0.4 M sodium iodide, 0.1 M Tris pH 7-8, 30-32% (w/v) PEG 2,000 MME. Parallelepiped-shaped crystals appeared after approximately 3 days at 25 uC and displayed maximal growth (approximately 400 mm in the longest dimension) in 2 weeks. The crystals were very osmotically sensitive. Fragments suitable for data collection were obtained by transferring the large crystals into mother liquor containing 20-30% (v/v) glycerol and applying gentle pressure on the crystals' surface with a nylon loop. Under favourable conditions, this resulted in an 'explosion' of the crystals into smaller fragments approximately 50 mm in size. The fragments were then rapidly mounted and flash-frozen in liquid nitrogen. About 1 in 50 fragments gave suitable diffraction data, which were indexed, merged and scaled with HKL2000 (ref. 29) . Structure determination of N21C/A22C-stabilized pentamers. Diffraction data to 2.5 Å resolution were collected at the Advanced Photon Source beamline 22-BM. The crystals belonged to space group P2 1 , with five CA molecules in the asymmetric unit ( Supplementary Fig. 1 ). The self-rotation function showed a strong fivefold non-crystallographic symmetry (NCS) axis, indicating that the CA proteins were arranged as a pentameric ring. Five NTDs and five CTDs were positioned separately with MOLREP 30 . Model building was performed with Coot 31 , using NCS-averaged maps calculated separately for the NTD and CTD, and a biasminimized map calculated with the Shake&wARP algorithm 32 . Simulated annealing refinement was performed with PHENIX 33 , with the two domains defined as separate NCS groups. The test set was assigned using the thin shell method, as implemented in the program DATAMAN 34 . The model has good geometry and no residues in disallowed regions of the Ramachandran plot 35, 36 . Structure statistics are summarized in Supplementary Table 1 .
The asymmetric unit contained several well-ordered iodide atoms, whose positions were confirmed with an anomalous difference density map calculated from a data set collected at the Advanced Light Source beamline 5.0.2 (wavelength 5 1.8 Å ). Smeared anomalous density peaks were also observed at the centre of the NTD barrel, but the atomic positions were difficult to pinpoint, and these iodide densities were therefore left unmodelled (not shown). Furthermore, the iodide ions appear to have perturbed the water-mediated hydrogen-bonding network; thus we did not model water molecules. We examined putative water densities in mF o 2 DF c maps calculated with phases from the final model and no NCS averaging. We found that many of the residual peaks overlapped with, or had clear correspondence to, water positions in the CA hexamer structures (not shown). We therefore believe that, like the hexamer, the pentamerization interface includes significant contributions from water-bridged hydrogen bonds. Structure determination of P17C/T19C-stabilized pentamers. Diffraction data to 6 Å resolution were collected at the Advanced Photon Source beamline 22-ID. The crystals belonged to space group P1, with four pentamers in the unit cell ( Supplementary Fig. 2 ). This structure was solved by molecular replacement with MOLREP 30 , using the N21C/A22C pentamer as a search model. Owing to the limited resolution, refinement of the P17C/T19C structure in PHENIX 33 treated each NTD and CTD as separate rigid units (Supplementary Table 1 ). Modelling of the mature capsid. Capsid modelling was performed by rigid-body docking of the high-resolution structures of the HIV-1 CA hexamer (3H47), pentamer (N21C/A22C structure from this study) and dimers (2KOD/NMR and 1A43/X-ray) into a geometric model of a fullerene cone (Fig. 5d, e in ref. 19) . Because the geometric model was built from planar hexagons and pentagons 15, 19 , we first defined a corresponding plane in the hexamers and pentamers for alignment. The hexamer plane was defined as a slab, perpendicular to the sixfold symmetry axis, which contained the calculated pivot points for flexion at each of the NTD-CTD interfaces. The pivot point, in turn, was estimated by analysis of the crystallographically independent NTD-CTD interfaces in the CA hexamer structures with the program HINGEFIND 37 . Docking was then performed by least-squares alignment of marker atoms with the corners of the hexagons, which corresponded to the threefold symmetry axes of the hexagonal lattice. The pentamer was treated in the same manner. At this point, the model consisted of full-length CA hexamers and pentamers in which the sixfold and fivefold NTD-NTD and NTD-CTD interfaces were invariant and the CTD dimer interfaces were distorted. The distorted dimers were then replaced by the symmetric CTD dimer structures. This was performed by alignment of the dimers through least-squares superposition on the helix 8 Ca atoms: that is, in a manner that approximated flexion at the NTD-CTD interface. The final model comprises 166 NTD hexamers, 12 NTD pentamers, 60 1A43 CTD dimers (to connect hexamers to pentamers) and 468 2KOD dimers (to connect hexamers to hexamers).
The X-ray structures of the HIV-1 CA hexamer and pentamer revealed an invariant set of helix-capping intermolecular hydrogen bonds at the NTD-CTD interface (Arg 173:Ng -Val 59:O; Arg 173:Ng -Asn 57:O; Ala 64:N -Glu 166:Oe; and Leu 211:N -Glu 71:Oe) (Fig. 2c) . These interactions were not treated explicitly during assembly of the in silico cone model. Therefore the extent by which the modelled distances between these pairs of residues recapitulate the experimentally observed distances can be used as a gauge of model quality. The average Ca-Ca distance for the four pairs was calculated for each NTD-CTD interface (range 7.2-10.2 Å , overall average for 1,046 interfaces 8.9 Å ), and compared with the average value in the X-ray structures (range 8.7-9.4 Å , average 9.0 Å ) ( Fig. 4b) . Deviations for 99% of the modelled NTD-CTD interfaces were within 1 Å of experimental. We judge that this level of quality assessment is sufficient at this stage of the modelling.
As noted previously 11 , the NTD-CTD interface is a narrow band of contacts mediated primarily by flexible polar side chains and water-mediated hydrogen bonds. Although there is a small hydrophobic component, these interactions are mediated by flexible aliphatic side chains (for example Met 68, Met 144 and Met 215). Thus geometric fit and surface complementarity are expected to be poor indicators of model quality in this case.
